Abstract: At present, reusing waste constitutes an important challenge in order to reach a more sustainable environment. The cement industry is an important pollutant industrial sector. Therefore, the reduction of its CO 2 emissions is now a popular topic of study. One way to lessen those emissions is partially replacing clinker with other materials. In this regard, the reuse of waste glass powder as a clinker replacement could be possible. This is a non-biodegradable residue that permanently occupies a large amount of space in dumping sites. The aim of this work is to study the long-term effects (400 days) of the addition of waste glass powder on the microstructure and service properties of mortars that incorporate up to 20% of this addition as clinker replacement. The microstructure has been characterised using the non-destructive impedance spectroscopy technique and mercury intrusion porosimetry. Furthermore, differential thermal analysis was also performed. Compressive strength and both steady-state and non-steady-state chloride diffusion coefficients have also been determined. Considering the obtained results, mortars with 10% and 20% waste glass powder showed good service properties until 400 days, similar to or even better than those made with ordinary Portland cement without additions, with the added value of contributing to sustainability.
Introduction
At present, reusing and recycling waste constitutes an important challenge in order to reach a more sustainable environment. Among the different residues generated by our society, the amount of glass waste has gradually increased in recent years due to the higher use of glass products [1] . Those materials permanently occupy a large amount of space in dumping sites, and, as a consequence of the non-biodegradable nature of glass, cause serious environmental pollution. Moreover, the lack of space in dumping sites also constitutes a problem that concerns many cities with high population density all around the world [2] . It is considered that glass waste represents approximately 5% of home residue [3] . In relation to the European Union, the percentage of glass recycling coming from packaging is relatively high, reaching 73% [4] . On the other hand, in America the recycling rate is still low, such in USA, where only 34% of glass waste was recycled in 2014 [3] . Therefore, it is important to study how to reuse this waste, and in this context the construction industry is an attractive destination due to the high necessary volume and the low quality requirements [2] .
On the other hand, the cement industry is a key industrial-sector polluter [5] . Therefore, the reduction of its CO 2 emissions is a popular topic of study. One way to reduce those emissions is by partially, or even totally, replacing clinker with additions [6] [7] [8] [9] , most of which are pollutant residues of other industrial processes, such as fly ash, silica fume, and ground granulated blast-furnace slag [10] [11] [12] [13] [14] [15] .
In this regard, several studies [16] [17] [18] [19] have pointed out that the reuse of waste glass powder as clinker replacement could be possible. As a consequence of its high silica content [18] [19] [20] , glass powder has been proposed as a supplementary cementitious material, and studies have pointed out that glass has pozzolanic properties when the particle size of the material is less than 75 µm [16] [17] [18] [19] . The recycled glass powder has potential for improving the physical and mechanical properties of mortars [21] , such as drying shrinkage [20] and resistance against chloride ingress [17, 20] , as well as a reduction in the heat of hydration [22] . With the aim of controlling the loss of mechanical properties, Khmiri et al. [23] have used a design method in order to optimise the glass powder and cement binder, finding that the ideal binder is prepared with 20% glass powder and 80% cement. However, several studies have observed a delay of strength increase compared to the control mortar. Shao et al. [18] noted a reduction in the 28-day compressive strength of concretes with glass powder in comparison with reference ones, although at 90 days their strength was similar to or even better than that observed for concrete without glass powder addition. This coincides with the results obtained by other authors [17, 22, 24, 25] , revealing a higher pozzolanic activity of glass powder at later hardening stages.
The mechanical and durability properties of cementitious materials are directly related to their microstructure [26, 27] ; therefore, the study of the evolution of the pore network of those materials is relevant. There are many techniques for following the microstructure changes. One of them is the novel non-destructive impedance spectroscopy, whose use is becoming increasingly popular. In addition to cement-based materials prepared with ordinary Portland cement without additions, this technique has recently been used for those made with slag and fly ash cements [28] and exposed to aggressive [8, 9, 13, 29] or non-optimal environments [30, 31] . However, the impedance spectroscopy technique has never been used for registering the evolution of the pore structure of cement mortars with waste glass powder addition.
Therefore, the main goal of this work is to analyse the effects in the long term (up to400 days) of the addition of waste glass powder on the microstructure, durability, and mechanical properties of mortars that incorporate up to 20% of this addition as a clinker replacement. As a reference, mortars made using ordinary Portland cement without additions were also studied. The non-destructive impedance spectroscopy technique and mercury intrusion porosimetry were used in order to characterise the microstructure of the mortars. Furthermore, differential thermal analysis was also performed. In relation to durability, the steady-state diffusion coefficient obtained from the saturated sample's resistivity and the non-steady-state chloride migration coefficient were analysed. Lastly, regarding the mechanical performance of the mortars, both flexural and compressive strength were also determined.
Experimental Setup

Waste Glass Powder Characterisation
The waste glass is obtained from municipal recycling containers. Figure 1 shows the X-ray diffraction pattern of the glass powder. No peaks attributed to any crystallised compound can be identified except a broad diffraction halo (amorphism of between 20 • and 30 • ), which is attributed to the glassy amorphous phase. The results of the scanning electron micrograph (SEM) and X-ray EDS (energy dispersive spectroscopy) analysis are shown in Figures 2 and 3 , respectively. SEM examinations indicated that the glass powders consist mainly of angular flaky particles. Figure 4 shows the particle size gradation curve of glass powder used in the experimental program. The physical and chemical composition of this addition is shown in Table 1 .
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Sample Preparation
This research has analysed three kinds of cement mortars. In the first place, mortars made using a commercial ordinary Portland cement, designated CEM I 42.5 R (CEM I hereafter), according to the Spanish and European standard UNE-EN 197-1 [32], were prepared. Furthermore, mortars with waste glass powder were also studied. Those mortars were made with ordinary Portland cement, CEM I 42.5 R [32], which was partially replaced by 10% and 20% of glass powder. They are referred to as GP10 and GP20, respectively, from now on. All the mortars were prepared with a water:binder ratio of 0.5 and an aggregate:cement ratio of 3:1.
Both cylindrical and prismatic samples were made. The dimensions of the cylindrical ones were 10 cm in diameter and 15 cm in height, while they were 4 cm × 4 cm × 16 cm for prismatic samples [33] . After setting, both types of samples were kept in a chamber at 20 °C temperature and 95% relative humidity (RH) throughout their first 24 h. Once this period finished, they were de-moulded and the cylindrical specimens were cut to obtain samples of 1 cm and 5 cm in height. Finally, all the samples were maintained under optimum laboratory conditions (20°C and 100% RH) up to the testing stages.
Mercury Intrusion Porosimetry
The pore network of the mortars was characterised using the classical mercury intrusion porosimetry technique, despite its reported drawbacks [9, 13, 34, 35] . The porosimeter used was a 
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Both cylindrical and prismatic samples were made. The dimensions of the cylindrical ones were 10 cm in diameter and 15 cm in height, while they were 4 cm × 4 cm × 16 cm for prismatic samples [33] . After setting, both types of samples were kept in a chamber at 20 • C temperature and 95% relative humidity (RH) throughout their first 24 h. Once this period finished, they were de-moulded and the cylindrical specimens were cut to obtain samples of 1 cm and 5 cm in height. Finally, all the samples were maintained under optimum laboratory conditions (20 • C and 100% RH) up to the testing stages.
Mercury Intrusion Porosimetry
The pore network of the mortars was characterised using the classical mercury intrusion porosimetry technique, despite its reported drawbacks [9, 13, 34, 35] . The porosimeter used was a Poremaster-60 GT from Quantachrome Instruments (Boynton Beach, FL, USA). Before the test, specimens were dried in an oven at 50 • C for 48 h. The analysed parameters were total porosity, pore size distribution, and percentage of Hg retained at the end of the experiment. The testing ages were 28, 100, 200, and 400 days.
Impedance Spectroscopy
The changes with hardening age of the mortars' microstructure have also been followed with the non-destructive impedance spectroscopy technique. Among the advantages of this technique compared to other classical ones, it is important to emphasise that the impedance spectroscopy permits to get global data of the microstructure of the samples [36] . Furthermore, it allows for registering the evolution of the pore network of the same sample along the analysed time period [28, 31, 37] . Lastly, there have been several published works [8, 13, 29, 38] in which impedance spectroscopy has been used for studying the changes with age of the microstructure of cementitious materials with additions. Nevertheless, there is no research about using impedance spectroscopy for studying cement-based materials that incorporate waste glass powder as clinker replacement.
The impedance analyser used was an Agilent 4294A (Agilent Technologies, Kobe, Japan), which allows for capacitance measurements ranged between 10 −14 F and 0.1 F, with a maximum resolution of 10 −15 F. Here, the frequency range for the impedance spectra was 100 Hz to 100 MHz. The electrodes used for performing the measurements were circular (Ø = 8 cm) and made of flexible graphite, attached to a copper piece ofthe same diameter. Both contacting and non-contacting methods were used [36] . The impedance spectra were fitted to the equivalent circuits proposed by Cabeza et al. [36] (see Figure 5 ), which include two time constants. The different elements of those circuits are resistances and capacitances, which provide information about different aspects of the pore network of cementitious materials. In relation to the impedance resistances, R 1 gives information only about the percolating pores of the sample, while R 2 is associated with all its pores. Regarding the impedance capacitances, C 1 provides data about the solid fraction of the specimen, whereas C 2 is related to the pore surface in contact with the electrolyte that fills the pore network of the material.
The Kramers-Kronig (K-K) relations [39] (see Figure 6a ) were used in order to validate the measurements. Moreover, the differential impedance analysis was applied to them (see Figure 6b ) for checking the validity of the equivalent circuits used [36, 40] . The impedance parameters R 2 , C 1 , and C 2 are present in both contacting and non-contacting methods (see Figure 5) ; here, only their values obtained using the non-contacting method have been analysed because of the greater accuracy. Poremaster-60 GT from Quantachrome Instruments (Boynton Beach, FL, USA). Before the test, specimens were dried in an oven at 50°C for 48 h. The analysed parameters were total porosity, pore size distribution, and percentage of Hg retained at the end of the experiment. The testing ages were 28, 100, 200, and 400 days.
The impedance analyser used was an Agilent 4294A (Agilent Technologies, Kobe, Japan), which allows for capacitance measurements ranged between 10 −14 F and 0.1 F, with a maximum resolution of 10 −15 F. Here, the frequency range for the impedance spectra was 100 Hz to 100 MHz. The electrodes used for performing the measurements were circular (Ø = 8 cm) and made of flexible graphite, attached to a copper piece ofthe same diameter. Both contacting and non-contacting methods were used [36] . The impedance spectra were fitted to the equivalent circuits proposed by Cabeza et al. [36] (see Figure 5 ), which include two time constants. The different elements of those circuits are resistances and capacitances, which provide information about different aspects of the pore network of cementitious materials. In relation to the impedance resistances, R1 gives information only about the percolating pores of the sample, while R2 is associated with all its pores. Regarding the impedance capacitances, C1 provides data about the solid fraction of the specimen, whereas C2 is related to the pore surface in contact with the electrolyte that fills the pore network of the material.
The Kramers-Kronig (K-K) relations [39] (see Figure 6a ) were used in order to validate the measurements. Moreover, the differential impedance analysis was applied to them (see Figure 6b ) for checking the validity of the equivalent circuits used [36, 40] . The impedance parameters R2, C1, and C2 are present in both contacting and non-contacting methods (see Figure 5) ; here, only their values obtained using the non-contacting method have been analysed because of the greater accuracy.
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Differential Thermal Analysis
The differential thermal analysis was made with a simultaneous TG-DTA model TGA/SDTA851e/SF/1100 from Mettler Toledo (Columbus, OH, USA), which allows for working from room temperature up to 1100 °C. The selected heating ramp was 20 °C/min up to 1000 °C in N2 atmosphere. The weight derivate versus temperature curves were studied for each mortar type at 15 and 90 days of hardening.
Steady-State Diffusion Coefficient Obtained from Saturated Sample's Resistivity
The electrical resistivity provides information about the pore connectivity of cementitious materials, and also allows for determining their steady-state chloride diffusion coefficient (DS) [41] . In this research, the resistivity was determined from the impedance spectroscopy resistance R1 values obtained in saturated cylindrical specimens of 10 cm diameter and 5 cm thickness. As has been detailed in Section 2.4, the impedance resistance R1 is related to pores that cross the sample [36] , and, as a consequence, is equivalent to the electrical resistance of the sample [30] . The analysed specimens were saturated for 24 h according to ASTM Standard C1202 [42] and were used later for the forced migration tests. The steady-state ionic diffusion coefficient was calculated according to the expression [41] :
where Ds is the chloride steady-state diffusion coefficient through the sample (m 2 /s) and ρ is the electrical resistivity of the specimen (Ω·m). For each cement type, three different samples were tested at 28, 200, and 400 hardening days.
Forced Migration Test
The forced chloride migration test was performed on water-saturated mortar samples, according to NT Build 492 [43] . The non-steady-state chloride migration coefficient DNTB was obtained from this test. For each cement type, three different cylindrical samples of 10 cm diameter and 5 cm thickness were tested at 28, 200, and 400 hardening days. 
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Steady-State Diffusion Coefficient Obtained from Saturated Sample's Resistivity
The electrical resistivity provides information about the pore connectivity of cementitious materials, and also allows for determining their steady-state chloride diffusion coefficient (D S ) [41] . In this research, the resistivity was determined from the impedance spectroscopy resistance R 1 values obtained in saturated cylindrical specimens of 10 cm diameter and 5 cm thickness. As has been detailed in Section 2.4, the impedance resistance R 1 is related to pores that cross the sample [36] , and, as a consequence, is equivalent to the electrical resistance of the sample [30] . The analysed specimens were saturated for 24 h according to ASTM Standard C1202 [42] and were used later for the forced migration tests. The steady-state ionic diffusion coefficient was calculated according to the expression [41] :
where D s is the chloride steady-state diffusion coefficient through the sample (m 2 /s) and ρ is the electrical resistivity of the specimen (Ω·m). For each cement type, three different samples were tested at 28, 200, and 400 hardening days.
Forced Migration Test
The forced chloride migration test was performed on water-saturated mortar samples, according to NT Build 492 [43] . The non-steady-state chloride migration coefficient D NTB was obtained from this test. For each cement type, three different cylindrical samples of 10 cm diameter and 5 cm thickness were tested at 28, 200, and 400 hardening days. 
Mechanical Strength Test
The compressive and flexural strengths were determined according to the standard UNE-EN 196-1 [33] . Three different prismatic samples with dimensions 4 cm × 4 cm × 16 cm were tested for each cement type at 28, 200, and 400 hardening days.
Results
Mercury Intrusion Porosimetry
The results of total porosity for CEM I, GP10, and GP20 mortars can be observed in Figure 7 . The porosity was reduced from 28 to 200 days for all the studied mortars and stayed nearly constant or rose slightly between then and 400 days depending on the mortar type. Until 200 days, the highest values of total porosity were noted for GP20 mortars, and they were similar for both CEM I and GP10 specimens, although the decreasing rate of this parameter was slower for GP10 ones. Despite that, there were only scarce total porosity differences after 400 hardening days for the three kinds of mortars studied.
The pore size distributions noted for the analysed samples are depicted in Figure 8 . At 28 days, the microstructure was more refined for CEM I mortars compared to those with glass powder, as indicated by their higher relative volume of pores with sizes lower than 100 nm. However, the pore network of CEM I mortars hardly changed with time, while it became progressively more refined for GP10 and GP20 ones. Therefore, after 100 hardening days, the pore size distributions were very similar for all the studied mortars, and at 200 and 400 days the microstructure refinement was greater for specimens with glass powder, especially for GP20 ones.
The results of percentage of Hg retained in the samples at the end of the test are shown in Figure 9 . In general, for all the studied mortars, this parameter increased with age up to 200 days and stayed practically constant or hardly decreased from then to 400 days. At 28 days, the greatest Hg retained values corresponded to CEM I mortars, although in the middle and long term, they were similar for all the studied mortars, or even slightly higher for the waste glass powder ones.
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Impedance Spectroscopy
The results of resistance R1 are depicted in Figure 10 . This parameter increased with time for the studied mortars. In the very short term, this parameter was scarcely higher for CEM I samples. Nevertheless, the rising rate of the resistance R1 was greater for mortars with glass powder. Therefore, since 30 days the highest R1 values corresponded to GP20 samples, while they were very similar for CEM I and GP10 until 100 days, when the growth of this parameter slowed down for CEM I mortars. From approximately 150 days, the resistance R1 hardly showed differences between mortars with glass powder, whose values were higher compared to CEM I ones. 
The results of resistance R 1 are depicted in Figure 10 . This parameter increased with time for the studied mortars. In the very short term, this parameter was scarcely higher for CEM I samples. Nevertheless, the rising rate of the resistance R 1 was greater for mortars with glass powder. Therefore, since 30 days the highest R 1 values corresponded to GP20 samples, while they were very similar for CEM I and GP10 until 100 days, when the growth of this parameter slowed down for CEM I mortars. From approximately 150 days, the resistance R 1 hardly showed differences between mortars with glass powder, whose values were higher compared to CEM I ones. In relation to resistance R2, its evolution can be observed in Figure 11 . At very early stages, this resistance was very similar for all the studied samples. However, as happened with resistance R1, the increasing rate of R2 was higher for glass powder mortars in comparison with CEM I ones. As a consequence, since approximately 50 days, the greatest R2 values were noted for GP20 mortars, followed by GP10 ones, whereas the lowest resistances R2 corresponded to CEM I specimens, which hardly changed with time. The evolution of capacitance C1 is depicted in Figure 12 . This parameter was generally similar for the three kinds of mortars analysed. This capacitance increased quickly at the early stages, although it hardly changed from approximately 80 days. In the short term, the lowest capacitances C1 were noted for GP20 mortars. However, from 120 days the values of this parameter were slightly higher for mortars with glass powder compared to CEM I ones. In relation to resistance R 2 , its evolution can be observed in Figure 11 . At very early stages, this resistance was very similar for all the studied samples. However, as happened with resistance R 1 , the increasing rate of R 2 was higher for glass powder mortars in comparison with CEM I ones. As a consequence, since approximately 50 days, the greatest R 2 values were noted for GP20 mortars, followed by GP10 ones, whereas the lowest resistances R 2 corresponded to CEM I specimens, which hardly changed with time. In relation to resistance R2, its evolution can be observed in Figure 11 . At very early stages, this resistance was very similar for all the studied samples. However, as happened with resistance R1, the increasing rate of R2 was higher for glass powder mortars in comparison with CEM I ones. As a consequence, since approximately 50 days, the greatest R2 values were noted for GP20 mortars, followed by GP10 ones, whereas the lowest resistances R2 corresponded to CEM I specimens, which hardly changed with time. The evolution of capacitance C1 is depicted in Figure 12 . This parameter was generally similar for the three kinds of mortars analysed. This capacitance increased quickly at the early stages, although it hardly changed from approximately 80 days. In the short term, the lowest capacitances C1 were noted for GP20 mortars. However, from 120 days the values of this parameter were slightly higher for mortars with glass powder compared to CEM I ones. The evolution of capacitance C 1 is depicted in Figure 12 . This parameter was generally similar for the three kinds of mortars analysed. This capacitance increased quickly at the early stages, although it hardly changed from approximately 80 days. In the short term, the lowest capacitances C 1 were noted for GP20 mortars. However, from 120 days the values of this parameter were slightly higher for mortars with glass powder compared to CEM I ones. The evolution of capacitance C2 is shown in Figure 13 . This parameter mainly rose until 100 days for CEM I mortars and up to approximately 150 days for those with glass powder. Until 100 days the values of this capacitance were very similar for CEM I and GP10 mortars, while they were lower for GP20 ones. Since 150 days, the capacitance C2 rose slightly for GP10 and GP20 mortars and hardly changed for CEM I ones. In the middle and long term, this parameter was greater for glass powder mortars. Hardening age, days CEM I GP10 GP20 Figure 13 . Results of impedance spectroscopy capacitance C2 for the studied mortars.
Differential Thermal Analysis
The derivate of weight versus temperature curves obtained for the studied mortars at 15 and 90 hardening days are shown in Figure 14 . The area of Portlandite peak of this curve was similar for all the studied mortars at 15 days, as can be observed in Figure 14a . Nevertheless, at 90 days (see Figure  14b ) this area was lower for mortars with waste glass powder, especially for GP20 ones. The evolution of capacitance C 2 is shown in Figure 13 . This parameter mainly rose until 100 days for CEM I mortars and up to approximately 150 days for those with glass powder. Until 100 days the values of this capacitance were very similar for CEM I and GP10 mortars, while they were lower for GP20 ones. Since 150 days, the capacitance C 2 rose slightly for GP10 and GP20 mortars and hardly changed for CEM I ones. In the middle and long term, this parameter was greater for glass powder mortars. The evolution of capacitance C2 is shown in Figure 13 . This parameter mainly rose until 100 days for CEM I mortars and up to approximately 150 days for those with glass powder. Until 100 days the values of this capacitance were very similar for CEM I and GP10 mortars, while they were lower for GP20 ones. Since 150 days, the capacitance C2 rose slightly for GP10 and GP20 mortars and hardly changed for CEM I ones. In the middle and long term, this parameter was greater for glass powder mortars. Hardening age, days CEM I GP10 GP20 Figure 13 . Results of impedance spectroscopy capacitance C2 for the studied mortars.
The derivate of weight versus temperature curves obtained for the studied mortars at 15 and 90 hardening days are shown in Figure 14 . The area of Portlandite peak of this curve was similar for all the studied mortars at 15 days, as can be observed in Figure 14a . Nevertheless, at 90 days (see Figure  14b ) this area was lower for mortars with waste glass powder, especially for GP20 ones. 
The derivate of weight versus temperature curves obtained for the studied mortars at 15 and 90 hardening days are shown in Figure 14 . The area of Portlandite peak of this curve was similar for all the studied mortars at 15 days, as can be observed in Figure 14a . Nevertheless, at 90 days (see Figure 14b ) this area was lower for mortars with waste glass powder, especially for GP20 ones. 
Steady-State Diffusion Coefficient Obtained from Saturated Sample's Resistivity
The evolution of the steady-state chloride diffusion coefficient obtained from saturated sample's resistivity is shown in Figure 15 . This parameter hardly rose with hardening age for CEM I mortars, while it decreased for GP10 and GP20 ones. At 28 days, the diffusion coefficient was similar for CEM I and GP20 samples, and greater for GP10 ones. Since then, the mortars with glass powder showed the lowest values of this coefficient, especially GP20 ones. 
Forced Migration Test
The changes with time of the non-steady-state chloride migration coefficient DNTB for the analysed mortars can be observed in Figure 16 . This parameter kept practically constant for CEM I mortars, and decreased with age for those with glass powder addition, especially from 28 to 200 days. At 28 days, the migration coefficient was similar for all the studied mortars. Nevertheless, at 200 and 400 days it was lower for glass powder mortars, mainly for GP20 ones. 
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Forced Migration Test
The changes with time of the non-steady-state chloride migration coefficient DNTB for the analysed mortars can be observed in Figure 16 . This parameter kept practically constant for CEM I mortars, and decreased with age for those with glass powder addition, especially from 28 to 200 days. At 28 days, the migration coefficient was similar for all the studied mortars. Nevertheless, at 200 and 400 days it was lower for glass powder mortars, mainly for GP20 ones. Hardening age, days CEM I GP10 GP20 Figure 15 . Results of the steady-state chloride diffusion coefficient obtained from the resistivity of saturated samples of CEM I, GP10 and GP20 mortars.
The changes with time of the non-steady-state chloride migration coefficient D NTB for the analysed mortars can be observed in Figure 16 . This parameter kept practically constant for CEM I mortars, and decreased with age for those with glass powder addition, especially from 28 to 200 days. At 28 days, the migration coefficient was similar for all the studied mortars. Nevertheless, at 200 and 400 days it was lower for glass powder mortars, mainly for GP20 ones. Sustainability 2018, 10, x FOR PEER REVIEW 12 of 18 Figure 16 . Results of the non-steady-state chloride migration coefficient for CEM I, GP10, and GP20 mortars.
Mechanical Strength Test
The results of compressive and flexural strengths noted for the analysed mortars are shown in Figures 17 and 18 , respectively. The compressive strength rose with hardening age for all the studied mortars, especially between 28 and 200 days. The lowest values of this parameter at 28 days were observed for GP20 mortars, despite that the compressive strength was very similar for all the studied samples at 200 and 400 hardening days. On the other hand, the flexural strength hardly changed throughout the 400-day period, and was slightly greater for mortars with glass powder compared to CEM I ones. Hardening age, days CEM I GP10 GP20 Figure 16 . Results of the non-steady-state chloride migration coefficient for CEM I, GP10, and GP20 mortars.
The results of compressive and flexural strengths noted for the analysed mortars are shown in Figures 17 and 18 , respectively. The compressive strength rose with hardening age for all the studied mortars, especially between 28 and 200 days. The lowest values of this parameter at 28 days were observed for GP20 mortars, despite that the compressive strength was very similar for all the studied samples at 200 and 400 hardening days. On the other hand, the flexural strength hardly changed throughout the 400-day period, and was slightly greater for mortars with glass powder compared to CEM I ones. 
Discussion
Microstructure Characterisation
In relation to the mercury intrusion porosimetry results, the progressive decrease of the total porosity noted for the studied mortars (see Figure 7) could be related to the development of clinker hydration [27, 31] and the pozzolanic reactions of glass powder [16, 17, 25] . As products of these reactions, solid phases would be formed, reducing the total volume of pores of the material. The higher overall total porosity values observed for glass powder mortars up to 200 days could be explained by the delay of the pozzolanic reactions of glass powder compared to clinker hydration [17, 24, 25] . For the development of these glass powder pozzolanic reactions, the presence of enough Portlandite would be required [44] , which is produced by clinker hydration. Therefore, more time would be needed to observe the effects of glass powder addition in the microstructure evolution [25] , which would coincide with the total porosity results obtained. Moreover, this time would be longer if the content of glass powder is higher [17] , which would be supported by the higher total porosity values and the slower decrease noted for GP20 mortars.
Regarding the pore size distributions of the mortars (see Figure 8 ), the greater pore refinement at 28 days observed for CEM I specimens would show the delay of glass powder pozzolanic reactions compared to clinker hydration [17] , as has been previously discussed for total porosity results. As products of these glass powder pozzolanic reactions, additional CSH phases would be formed [45, 46] , reducing the pore sizes, and their effects started to be noticeable at 100 days, when the pore size distributions were relatively similar for all the studied mortars. Furthermore, the fact that this microstructure refinement of glass powder mortars was more significant at 200 and 400 days would indicate that the pozzolanic reactions' development would be more time-extended than clinker hydration. In addition, the highest pore network refinement noted for GP20 mortars in the long term would also show the beneficial effect of glass powder addition in relation to the microstructure development of cement-based materials [47] .
In general, the retained Hg results (see Figure 9 ) had similarities with the rest of the mercury intrusion porosimetry parameters previously discussed. The greatest values of this parameter at 28 days observed for CEM I mortars would suggest that the pore network of those specimens would have a higher tortuosity compared to glass powder ones, which would again indicate the delay of the pozzolanic reactions of this addition [17] . After that, the slightly higher Hg retained values noted for waste glass powder specimens in the long term would be in keeping with their higher refinement.
With respect to impedance spectroscopy results, resistances R1 and R2 are related to the electrolyte that fills the pores of the sample [36] . Nevertheless, resistance R1 gives information only 
Discussion
Microstructure Characterisation
With respect to impedance spectroscopy results, resistances R 1 and R 2 are related to the electrolyte that fills the pores of the sample [36] . Nevertheless, resistance R 1 gives information only about the percolating pores of the sample [36] , whereas resistance R 2 is associated with all the pores of the sample (both occluded and percolating ones) [36] . The general increase with time of both resistances (see Figures 10 and 11) , especially for glass powder specimens, would be in agreement with the progressive pore refinement observed with mercury intrusion porosimetry, which was related to the development of hydration and pozzolanic reactions [17] . The similar or slightly higher resistance values noted in the short term for CEM I mortars would once again reveal the delay among glass powder pozzolanic reactions and clinker hydration [25] , as explained before. However, if the results of both resistances are compared, higher differences have been noted between the studied mortars in relation to resistance R 2 than to R 1 , especially between GP10 and GP20 ones. Those differences could be due to the different meaning of each resistance, because R 1 is related to the percolating pores of the samples, while R 2 gives data about both percolating and occluded pores, as has already been mentioned. Therefore, the scarce difference between R 1 values for both glass powder mortars would suggest that they have a similar volume of percolating pores.
The impedance capacitance C 1 provides information about the solid fraction of the sample [36] . The values of this capacitance were similar for all mortar types (see Figure 12 ), which would show that all of them have a similar solid fraction, regardless of their pore size distribution. Then, a similar porosity magnitude for all of them could be expected, which would agree with the total porosity results (see Figure 7) . The lower C 1 values for GP20 mortars in the short term would coincide with their higher total porosity and lower pore refinement, and would indicate the delay of glass powder pozzolanic reactions [48] and their consequent slower solid phases formation, compared to clinker hydration.
The capacitance C 2 is related to the pore surface in contact with the electrolyte that fills the pore network of the material [49] . The increase of this parameter at relatively early stages for all the mortars would indicate a rise of the pore surface, probably due to the formation of rough structures made by the products of clinker hydration [31] and glass powder pozzolanic reactions [45] . Again, the slower growth of capacitance C 2 as the content of glass powder gets higher would agree with the previous microstructure parameters discussed regarding the delay of glass powder pozzolanic reactions [25] . The high C 2 values for GP10 and GP20 mortars at later stages would reveal a greater pore surface, which would coincide with their higher pore refinement observed.
In view of the differential thermal analysis results (see Figure 14) , the reduction with time of the area of Portlandite peak observed in the derivate of weight versus temperature curves for mortars with glass powder in comparison with CEM I ones would confirm the pozzolanic activity of this addition, which would be in keeping with other works [44] .
Finally, according to the microstructure parameters studied, all of them are in agreement with the fact that the addition of 10% and 20% of waste glass powder improved the pore network of the mortars in the middle and longterm.
Durability-Related Parameters
The study of the chloride ingress resistance of the mortars with waste glass powder is important, because chlorides produce steel reinforcement corrosion. In relation to that, in this work the steady-state diffusion coefficient (D s ), obtained from the saturated sample's resistivity, and the non-steady-state migration coefficient (D NTB ) were analysed. Both coefficients were similar or even higher at 28 days for glass powder mortars in comparison with CEM I ones (see Figures 15 and 16) , which would coincide with the majority of the results obtained, showing the later beginning of glass powder pozzolanic reactions [25] . The lower coefficients noted at greater ages for GP10 and GP20 specimens could be due to their higher pore network refinement, which would make the diffusion of chlorides through their pore structure more difficult. Therefore, in view of the previously discussed parameters, the replacement of 10% and 20% of clinker by waste glass powder would not produce a loss of chloride ingress resistance of the mortars along the 400-day study period; rather, the use of this addition could even improve it, with the added value of a contribution to sustainability.
Mechanical Strength Results
The mechanical strength is one of the most important requirements of cement-based materials structures. Here, both compressive and flexural strengths were determined. Regarding the compressive strength (see Figure 17) , its results overall agreed with those obtained for microstructure characterisation and durability-related parameters. In the short term, this strength was slightly higher for CEM I mortars than for glass powder ones. Therefore, the delay of pozzolanic reactions of this addition compared to clinker hydration was also noticeable in relation to the compressive strength parameter. Despite that, the development of those pozzolanic reactions [47, 48] allows a progressive rise of this strength, reaching similar values to CEM I mortars at 200 and 400 days. This increase in compressive strength could be related to the continuous pore refinement noted for GP10 and GP20 mortars. On the other hand, mortars with glass powder showed a scarcely greater flexural strength (see Figure 18 ), so this addition would have beneficial effects in this property.
Conclusions
The main conclusions that can be drawn from the results previously discussed can be summarised as follows:
•
The microstructure of all the studied mortars became more refined with hardening time, likely due to the development of clinker hydration and pozzolanic reactions of waste glass powder.
The development of microstructure and service properties was slower for mortars with waste glass powder than for CEM I ones. This could be explained by the delay of pozzolanic reactions of glass powder compared to clinker hydration.
Mortars with waste glass powder showed greater pore network refinement in comparison with CEM I ones in the middle and long term, which could be due to the additional solid phase formation as products of pozzolanic reactions of glass powder.
The results obtained using the non-destructive impedance spectroscopy technique generally agreed with those obtained with mercury intrusion porosimetry. Therefore, the impedance spectroscopy can be used for characterising the microstructure development of mortars that incorporate waste glass powder as clinker replacement.
The addition of waste glass powder (up to 20% of the binder) would not produce a loss of durability and mechanical properties in the middle and long term compared to CEM I mortars, or even it would improve some of these properties, such as the chloride ingress resistance and flexural strength, with the added value of contributing to sustainability.
Considering the results obtained in this work, mortars which incorporated 10% and 20% of waste glass powder as clinker replacement showed good service properties until 400 days of hardening, similar to or even better than those made with ordinary Portland cement without additions.
